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1.
Introduction Fragile X-associated tremor/ataxia syndrome (FXTAS) is a late-onset neurodegenerative disorder associated with premutation alleles (55-200 CGG repeats) of the FMR1 gene; larger expansions (4 200 CGG repeats; full mutation) give rise to fragile X syndrome, the most common inherited form of cognitive impairment . Carriers of premutation alleles are common in the general population, with an estimated frequency as high as 1 in 130 females and 1 in 250 males (Kogan et al., 2008; Tassone and Hagerman, 2012) . However, for reasons that are not currently understood, only about 40% of male carriers and 8-13% of female carriers will eventually develop FXTAS Rodriguez-Revenga et al., 2009; Jacquemont et al., 2004) . FXTAS is characterized by progressive action tremor, gait ataxia, cognitive decline, Parkinsonism, neuropathy, and autonomic dysfunction ). Central nervous system (CNS) pathology includes dystrophic white matter and intranuclear inclusions in neurons and astrocytes (Greco et al., 2008; Greco et al., 2006; Greco et al., 2002) . Although neurological symptoms of FXTAS have only been observed in adults, it is now clear that children carrying premutation alleles may also have forms of clinical involvement that include anxiety, attention deficit hyperactivity disorder, and autism spectrum disorders (Farzin et al., 2006; Chonchaiya et al., 2012) . Additionally, premutation CGG-repeat expansions in the mouse Fmr1 gene have been shown to alter embryonic neocortical development (Cunningham et al., 2011) . There is significant oxidative stress in premutation neurons in culture, in addition to mitochondrial dysfunction (Kaplan et al., 2012; Cao et al., 2012) . Mitochondrial dysfunction is more severe in those with FXTAS compared to carriers without FXTAS, and there is documented iron dysregulation at the mitochondria in those with FXTAS (Ross-Inta et al., 2010) . Thus, FXTAS may actually be a late manifestation of pathogenic mechanisms that are operating throughout life in carriers of premutation alleles.
Iron is essential for many facets of cell metabolism, including transport of oxygen by hemoglobin, DNA synthesis, mitochondrial respiration, synthesis of neurotransmitters, and signal transduction in the CNS. For example, iron is an essential co-factor for tyrosine hydroxylase, and it required for the synthesis of myelin, and neurotransmitters such as dopamine, norepinephrine, and serotonin . On the other hand, iron is a source of reactive oxygen species, cycling from ferric (Fe 3þ ) to ferrous (Fe 2þ ) and back to Fe 3þ , with the net conversion of the superoxide radical (O 2 -) and hydrogen peroxide (H 2 O 2 ) to the highly reactive hydroxyl free radical ( Á OH), OH -, and O 2 (Jomova and Valko, 2011; Nunez et al., 2012) . In other words, uncomplexed iron reacts with molecular oxygen to generate the reactive oxygen species that lead to oxidative stress. Thus, altered CNS iron metabolism is likely to initiate or contribute to the development of neurodegenerative diseases, such FXTAS. Iron dysregulation has been linked to a series of neurodegenerative disease, including Parkinson and Alzheimer diseases, amyotrophic lateral sclerosis, restless legs syndrome, and prion diseases (Batista-Nascimento et al., 2012). Indeed, Parkinsonism and dementia are common in those with FXTAS , and restless legs syndrome is more common in those with the premutation compared to controls (Summers et al., 2014) . Iron and other elements enter the brain through one of two brain barriers, the blood-cerebrospinal fluid barrier (BCB) located at the choroid plexus, or the blood-brain barrier formed by the tight junctions of the brain capillary endothelium. Both barriers serve to protect the brain from toxic substances present in the blood. In the BCB, the epithelial cells in the choroid plexus form a monolayer with tight intercellular junctions that seal the transport pathway between the cells, so that substances entering the brain must use specialized cell transport systems. The basolateral side of the epithelial cells is in contact with capillaries located in the choroidal stroma, whereas the apical side is in contact with the cerebrospinal fluid (CSF). The choroid plexus synthesizes and secretes most of the components of the CSF, transports molecules from the circulation into the CSF, and eliminates toxic substances from the CSF. Therefore, any alteration in the transport function of the choroid plexus is likely to alter CSF composition and tissue homeostasis (Engelhardt and Sorokin 2009; Johanson et al., 2008; Emerich et al., 2005; Mesquita et al., 2012) . Iron in serum traverses the BCB after oxidation to Fe 3þ by light ferritin and hephaestin. This process involves transferrin (Tf) and transferrin receptor 1 (TfR1), located on the basal side of the epithelial cells lining the BCB. Following TfR1-mediated transport, the Fe 3þ -Tf complex undergoes endocytosis with iron released from Tf within the endosome (Luck and Mason, 2012) . Divalent metal transporter 1 (DMT1) then facilitates the transport of iron out of the endosome into the cytoplasm (Ohgami et al., 2006) . Cytoplasmic iron is subsequently exported by ferroportin into the CSF through the apical side of the epithelial cells (Moos and Rosengren Nielsen, 2006; Rouault and Cooperman, 2006) . Ferroportin mediates the release of iron in conjunction with ceruloplasmin, which must oxidize the iron transported by ferroportin before its release as Fe 3þ into the CSF (Harris, 1999; Anderson and Wang, 2012) . Cytoplasmic iron can also be transferred to the mitochondria for use in heme and iron-sulfur cluster synthesis, or is stored in cytosolic ferritin.
In the current work, we tested the hypothesis that iron transport from the circulation to the CSF is dysregulated and is part of the pathogenic process in FXTAS. Using postmortem choroid plexus tissue from patients with FXTAS, we found that iron accumulates in the choroid plexus, and that levels and distribution of key iron-binding proteins are altered in FXTAS. These data suggest a potential alteration of iron metabolism in the CNS.
Results
We obtained choroid plexus from the brains of eight FXTAS subjects (seven males and one female) and nine controls (eight males and one female). The median number of CGG repeats for the FXTAS group was 84 (range, 65-106 repeats).
The median age at time of death was 73.8 years (range, 52-87 years) for the FXTAS group and 67.3 years (range, 57-82 years) for the controls (p¼ 0.2).
2.1.

Iron accumulates in choroid plexus of FXTAS subjects
We used random samples of choroid plexus to study iron localization using Perl's method for iron staining, which detects iron bound to the hemosiderin that is localized to the stroma of the choroid plexus (McManus 1960) . We found iron deposits in the stroma of the choroid plexus in most control and FXTAS subjects. The percentage of stromal area occupied by iron deposits was higher in FXTAS (3.41%70.009) than in control (0.68%70.001), p¼0.02. Some of the iron deposits were located in psammoma bodies within the stroma (Fig. 1) ; psammoma bodies are concentric, lamellated, calcified structures that appear in the choroid plexus and are associated with aging (Jovanovic et al., 2010) . The majority of subjects in the current cohorts possessed psammoma bodies (5/9 controls; 5/8 FXTAS subjects). In our subjects, there was no relationship between the presence of psammoma bodies and age or group (control, FXTAS). These data indicate that there is an increase in iron deposition in the choroid plexus of FXTAS patients compared to controls ( Fig. 1 ).
2.2.
Transferrin levels are decreased and the transferrin receptor is relocalized to the cytoplasm in the choroid plexus in FXTAS To further investigate potential iron dysregulation in the brains of subjects with FXTAS, we performed immunostaining with antibodies against several iron-binding proteins. Using ImageJ, we first analyzed the distribution and the amount of Tf expression. Tf staining was intracellular, and was also present in the stroma of the choroid plexus ( Fig. 2 A, B ). We observed a significant decrease in the amount of Tf in the epithelial cells of FXTAS subjects (17.8976.80 sem, control; 3.2571.97, FXTAS; p¼0.05), (Fig. 3A ).
We next quantified TfR1 expression. We determined that TfR1 was both associated with the basolateral membrane of the epithelial cells and within the cytoplasm (Fig. 2C, D) . In the basolateral membrane, TfR1 formed a thin, uniform monolayer of puncta. We did not find any difference between FXTAS and control groups for the number and size of TfR1 puncta (p¼0.19). However, we observed that in control subjects, TfR1 was mostly localized to the basolateral membrane, and only occasionally intracellular, while most of the TfR1 staining in FXTAS subjects was located within the cytoplasmic compartment. These results indicate that, while the number of TfR1 puncta did not change, most of the TfR1 molecules relocalized from the membrane to the cytoplasm in FXTAS. This change in location of TfR1 is likely to play a role in determining the amount of iron within the choroidal stroma that can bind TfR1 in the membrane of the epithelial cells, and therefore may have an effect on the transport of iron through the BCB into the brain.
2.3.
Ferroportin and ceruloplasmin levels in choroid plexus are decreased in FXTAS In conjunction with ceruloplasmin, which generates Fe 3þ , ferroportin mediates the release of ferric iron from epithelial cells into the CSF (Kono 2012) . Ferroportin was observed primarily in the apical membrane of the epithelial cells, while ceruloplasmin was located within the cytoplasm (Fig. 2 E-F) ; none of these proteins was present within the stroma. The amount of ferroportin was markedly decreased for FXTAS subjects (0.0570.01, FXTAS; 1.2270.37, control; p¼ 0.01, Fig. 3B ). The amount of ceruloplasmin was also decreased in FXTAS subjects (0.4070.25, FXTAS; 6.58702.99 controls; p ¼0.05, Fig. 3C ).
2.4.
Light-chain ferritin and heavy-chain ferritin levels did not change in the choroid plexus in FXTAS We next quantified levels of light-chain ferritin (L-F). Lightchain ferritin was present both in the choroidal stroma and in the epithelial cells. The stromal labeling was distributed relatively uniformly, while the epithelial labeling was confined to single pools within the cytoplasm ( Fig. 2E, F ). In the subjects with psammoma bodies within the stroma, L-F was localized to the rings of the outer periphery. There was not a significant change in the amount of L-F deposits within the epithelial cells of FXTAS subjects compared to controls (p ¼0.21, Fig. 2 I, J) .
Heavy-chain ferritin (H-F), associated with iron transport, was distributed within the stroma with higher density in the area between the basal membrane of the epithelial cells and the stromal capillaries. H-F had a granular appearance and it was also localized to the rings on the outer periphery of the 
Iron accumulates in the putamen in FXTAS
We collected tissue from the putamen of the 67 y/o case of FXTAS and the 79 y/o control case, performed Perl staining for iron and observed that while the control case hardly had any iron in the putamen, the FXTAS case presented with numerous iron deposits that varied in size up to 15 mm in diameter (Fig. 4 ).
Discussion
Overall, we found that (1) iron accumulated in the stroma of the choroid plexus (i.e., external to the CSF and to the epithelial cells comprising the BCB); (2) Tf expression decreased in the epithelial cells of the choroid plexus; (3) TfR1 distribution was altered, shifting to the cytoplasm from the basolateral membrane; (4) Ferroportin and ceruloplasmin were markedly decreased within the epithelial cells, (5) light-chain ferritin and heavy-chain ferritin levels did not show any change in distribution or quantity in the epithelial cells, and (6) there is potential iron accumulation within the putamen, consistent with recent multimodal imaging analysis of subcortical gray matter (Wang et al., 2013) . Iron deficiency in the central nervous system is known to cause motor impairment and cognitive deficits (Batista-Nascimento et al., 2012; Kruer et al., 2012; Schneider and Bhatia 2012; Dusek and Schneider 2012) , traits that are present in FXTAS. In addition, brain iron deficiency has been reported to cause fatigue, irritability, lethargy, listlessness, reduced concentration, hypoactivity, reduced intellectual functioning, and hyperactivity in children, traits that are present in many individuals with FXTAS and in some carriers without FXTAS . To study the state of iron dysregulation in FXTAS, we examined the transport of iron from the circulation to the CSF though the BCB. We focused our study on the expression of iron and iron-binding proteins in the choroid plexus, the site of iron transport across the BCB. Using Perl's method for iron staining, we found an increase in the iron bound to hemosiderin deposits in the stroma of the choroid plexus in FXTAS subjects. Ferritin is responsible for normal iron storage, whereas hemosiderin is a degradation product of ferritin, and is prominent during conditions of iron overload (Brittenham 1994) . Therefore, our finding of increased iron bound to hemosiderin indicates an iron overload within the stroma of the choroid plexus in the FXTAS brain. These data suggest that there is an alteration in the transport of iron from general circulation into the CSF, and further suggests the possibility of altered iron transport and metabolism in the FXTAS brain. In agreement with these results, we observed that in the pair of cases where we examined the putamen, there was an increased in iron deposition within the putamen of FXTAS compared to control, a nucleus of the basal ganglia involved in motor symptoms in neurodegenerative diseases. In this regard, we have previously published evidence of mitochondrial dysfunction involving iron dysregulation and accumulation in FXTAS, (Wang et al., 2013; Napoli et al., 2011) .
To further understand the alteration of iron transport into the CSF, we examined the levels and distribution of ironbinding proteins in the choroid plexus of control and FXTAS brains. Transferrin is the major conduit for iron delivery to neurons and, when dysregulated or deficient, is known to play an important role in neurodegenerative diseases (Luck and Mason, 2012) , likely reflecting altered mobilization and transport of iron. Apotransferrin binds with high affinity to iron in circulation, forming holotransferrin, which binds to TfR1 expressed by endothelial cells in the blood-brain barrier and epithelial cells in the BCB (Zheng and Monnot, 2012) . The holotransferrin complex is then endocytosed into the endothelial/epithelial cells, ending up in the endosomal/lysosomal compartment, where the acid environment dissociates iron from holotransferrin, followed by iron transport to the cytosol (Leitner and Connor, 2012) . Once iron is released, apotransferrin is then recycled to the cell membrane. Our data indicate that intracellular levels of transferrin are decreased in choroidal epithelial cells in FXTAS, suggesting a decrease in the transport b r a i n r e s e a r c h 1 5 9 8 ( 2 0 1 5 ) 8 8 -9 6 function of transferrin, and subsequently, decreased iron import into the CSF.
Our results also show that TfR1 is localized to the basolateral membrane and within the cytoplasm of choroidal epithelial cells; however, we noted different expression patterns in control and FXTAS plexuses. In control brains, TfR1 was expressed primarily in the basolateral membrane, but was expressed predominately within the cell in the FXTAS tissue. This redistribution of TfR1 indicates that more TfR1 is internalized into the cytoplasm, and that less TfR1 is available to bind extracellular iron in FXTAS. Decreased membrane TfR1 would be expected to reduce iron intake into the cell, and, in the presence of normal circulating iron in blood, would produce an accumulation of iron bound to hemosiderin in the stroma, as observed in FXTAS subjects; the result is a decreased iron concentration within epithelial cells.
Since iron-binding proteins are transcriptionally repressed by low iron concentration (Han et al., 2003) , we would predict decreased expression levels for the iron-binding proteins, which transport iron from epithelial cells into the CSF, in FXTAS. Indeed, our data show a decrease of ferroportin and ceruloplasmin in FXTAS brains compared to control.
Altered iron metabolism is a common feature of neurodegenerative diseases, including neurodegeneration with brain iron accumulation disorders (NBIA), Parkinson's (PD), Alzheimer's (AD), and Huntington's diseases; amyotrophic lateral sclerosis; multiple sclerosis; restless legs syndrome; Friedreich ataxia; and prion-mediated disorders such as Creutfeldt-Jakob disease (Batista-Nascimento et al., 2012; Kruer et al., 2012; Schneider and Bhatia, 2012; Dusek and Schneider, 2012; Kell, 2010) . The most common of the NBIA is panthothenateassociated neurodegeneration (PKAN) that is characterized by progressive dystonia and parkinsonism associated with intellectual decline (Kruer, 2013) . Perl's staining of PKAN tissue shows a widespread perivascular deposition of iron largely confined to the globus pallidus. Restless legs syndrome, a disease that shares motor symptoms in common with FXTAS and occurs more frequently in premutation carriers than control, has also been linked to an alteration in iron transport into the brain (Earley et al., 2000) . Huntington's disease that is characterized by an alteration of iron metabolism within the brain, also shares motor symptoms in common with FXTAS (Grootveld and Halliwell, 1986; Thomas et al., 2009 ). To our knowledge there is only one report of iron alteration within the choroid plexus in the diseases above, in restless leg syndrome. However this report indicated that iron was reduced in the epithelial cells of choroid plexus and brain microvasculature (Connor et al., 2011) . Based on our current results, iron accumulation in FXTAS may share, at least in part, mechanisms of iron dysfunction that are operating in these neurodegenerative diseases. What is generally unknown about neurodegenerative disorders that accumulate iron is whether iron dysregulation is a cause or consequence of the disease. Processes that alter the transcription and/or translation of iron regulatory proteins (IRP) or iron binding proteins (IBP) will result in altered iron metabolism, and therefore in the level of oxidative stress, itself a risk factor for neurodegeneration. We hypothesize that the observed dysregulation of iron processing is secondary to the RNA toxicity present in carriers that leads to FXTAS Sellier et al., 2013) . We further hypothesize that expanded CGG transcripts in the FMR1 gene may sequester one or more IRP/IBPs, thus impairing their functions and resulting in altered processing of iron homeostasis and ultimately in the neuropathology of FXTAS. A similar process takes place in PD and AD, where Lewy bodies -rich in α-synuclein protein -and neuritic plaques, -rich in β-amyloid -present with iron deposits. Accordingly, follow-on investigations should determine whether, in FXTAS, there is an accumulation of iron in the brain microvasculature similar to PKAN, or a decrease of iron as in restless legs syndrome.
In summary, we show that, in the choroid plexus of FXTAS subjects, there is decreased epithelial transferrin, altered intracellular distribution of TfR1, and decreased ferroportin and ceruloplasmin expression ( Fig. 8) . Together, these observations provide evidence of altered iron transport at the BCB in FXTAS. This alteration has implications for understanding the pathophysiology of FXTAS, and for the development of new clinical treatments.
4.
Experimental procedure 
Perl's method
Samples were washed in PBS for 5 min, immersed in 30% sucrose for two days, then frozen and sectioned at 14 mm on a cryostat. Sections were washed in distilled water for 5 min, immersed in potassium ferrocyanide solution for 20 min (5% K4Fe(CN)6.3H2O), washed in distilled water for 5 min, immersed in nuclear fast red for 7 min, washed in distilled water for 5 min, dehydrated with ethanol, and cleared with xylene. Sections were coverslipped with permount (Fisher, Pittsburgh, PA). Upon addition of potassium ferrocyanide, the deposits of iron present in the brain in the ferric state form insoluble, blue ferric ferrocyanide molecules (McManus, 1960) Fig. 5 .
Immunostaining
Antigen retrieval was performed with 1x diva solution (heatinduced epitope retrieval (HIER) buffer; Biocare Medical, Concord, CA) at 80 -110 1C (15 min), followed by 0.1 N HCl (7 min), 20% glacial acetic acid (30 s), levamisole (Vector Laboratories Inc., Burlingame, CA) þ 0.025% Tween 20 (Fisher) for 30 min to 1 h, primary antibody (specified below, 5% BSA þ 10% donkey serum, 0.0025% Tween 20, 4 1C, 15 h), secondary antibody (below, same diluent, 1:100, 1 h, room temperature), and Vector Blue Alkaline Phosphatase Substrate (Vector Laboratories Inc., Burlingame, CA)
for 10 min, counterstained with Neutral Red, dehydrated with ethanol, cleared with xylene, and mounted with permount. Washes were performed between each step with TBS buffer. For TfR1 and mitoferritin, the HCl / glacial acetic acid step was skipped. Primary antibodies: rabbit anti-transferrin (1:500, Ab9538, Abcam, Cambridge, MA), rabbit anti-light ferritin (1:1000, Ab69090, Abcam), rabbit anti-heavy ferritin (1:100, Ab75972 RabMabs, Cambridge, MA), mouse anti-ceruloplasmin (1:100, 611488, BD Transduction Labs, San Jose, CA), CD71 (1:50, 10084-2-AP, Proteintech, Chicago, IL), goat anti-ferroportin (1:50, SC-49668, Santa Cruz, Dallas, TX), and mitochondrial ferritin (1:100, Ab75973, RabMabs). Secondary antibodies: donkey anti goat/ mouse/rabbit-AP (1:100, Jackson Immuno Research, West Grove, PA), mouse (115-056-006), goat (705-056-147) and rabbit (711-056-152). To quantify the amount of iron and proteins in each sample we used image J, and determined the percentage of epithelial cell area occupied by iron or iron related protein Table 1 . 
Statistical analysis
The amount of protein expression was compared between brains from control and FXTAS age-matched subjects using paired t-test (GraphPad Prism software). A p value of 0.05 was used for statistical significance.
